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Present gravitational wave detectors are based on the measurement of linear displacement in sta-
ble optical cavities. Here, we instead suggest the measurement of the twist of a chiral mechanical
element induced by a gravitational wave. The induced twist rotates a flat optical mirror on top of
this chiral element, leading to the deflection of an incident laser beam. This angle change is enhanced
by multiple bounces of light between the rotating mirror and an originally parallel nearby fixed flat
mirror. Based on detailed continuum-mechanics calculations, we present a feasible design for the
chiral mechanical element including the rotating mirror. Our approach is most useful for signals in
the frequency band 1 – 100 kHz where we show that fundamental metrological limits would allow
for smaller shot noise in this setup in comparison to the detection of linear displacement. We esti-
mate a gravitational wave strain sensitivity between 10−21/
√
Hz and 10−23/
√
Hz at around 10 kHz
frequency. When appropriately scaling the involved geometrical parameters, the strain sensitivity
is proportional to frequency.
The discovery of gravitational waves [1] by LIGO [2–
5] has opened a new window into the universe. LIGO
attains its peak sensitivity around 200 Hz [6], enabling
it to detect the mergers of binary black holes that have
masses ≈ 10M. There is a strong physics case to probe
gravitational waves at higher frequencies (10 – 100 kHz)
where one might observe mergers of smaller (≈ 1M)
black holes, while also being able to search for the full
spectrum [7] of quasinormal modes from the ringdown
of a merger observed in LIGO. In addition to these stan-
dard astrophysical signatures, detectors in this frequency
band will also be sensitive to gravitational waves pro-
duced from the high temperature (u PeV) universe and
from new physics such as super-radiant bosonic clouds
around black holes [8]. Simultaneously, these detectors
can search for a variety of ultra-light dark matter [9–11].
The fundamental difficulty in probing these higher fre-
quencies arises from the fact that the shorter period re-
duces the time available for the signal to cause a mea-
surable change (i.e., beat shot noise) in an experiment,
diminishing the sensitivity of a LIGO-style stable optical
cavity at these frequencies. In this Letter, we point out
that the shot noise limit on sensitivity can be improved
by measuring angular displacement in an unstable opti-
cal cavity as opposed to measuring linear displacement
in a stable cavity. This sensitivity gain can only be at-
tained if other sources of noise (such as thermal noise) are
suppressed and if the quality factor of the cavity is suf-
ficiently large. Due to the rapid scaling of event rates in
gravitational wave detectors with sensitivity, even mod-
est improvements in sensitivity lead to significant scien-
tific payoff.
Our idea starts from converting an axial gravitational
strain into a twist or rotation, which has been discussed
in the context of chiral mechanical metamaterials[12–14].
As shown in Fig. 1, the detection principle of our detec-
tor is to measure the gravitational strain by monitoring
the angle of a laser beam that is reflected by a mirror
that is rotated by the induced twist. The strain-to-twist
conversion factor, K, can be boosted in the vicinity of a
high-quality-factor mechanical resonance. As illustrated
in Fig. 1(b), the magnitude of the deflection angle can be
increased by multiple round trips of light between two
flat mirrors, N [15]. To reduce shot noise by reducing
the diffraction limit on measuring this angle, the diam-
eter of the beam and hence the size of the rotating mir-
ror need to be as large as possible. However, large size
corresponds to large mass, which reduces the resonance
frequency unless the torsional stiffness of the chiral me-
chanical element can be made very large. Furthermore,
the chiral torsional mechanical eigenmode should ideally
correspond to the lowest mechanical eigenfrequency of
the overall setup. Otherwise, deformations other than a
pure rotation of the mirror may become increasingly im-
portant. For example, a warping of the previously flat
mirror surface would lead to an unwanted distortion of
the laser beam profile. Altogether, this means that the
design of the resonant chiral mechanical element results
from a non-trivial trade-off.
To investigate the elastic behavior of the chiral me-
chanical element shown in Fig. 1(a) under the influence
of a gravitational wave impinging along the y-direction,
we solve Newtons second law combined with Hookes law,
cast into linear Cauchy continuum mechanics for the
position and time-dependent displacement vector u =
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2u(r, t) given by
ρ
∂2u
∂t2
= ∇ · σ + ρagw. (1)
ρ = ρ(r) is the local mass density, σ = σ(r) = C :  the
rank-2 stress tensor, given by the contraction ”:” of the
rank-4 Cauchy elasticity tensor C = C(r) and the rank-2
strain tensor  = (r, t) = ∇u, and agw = agw(r, t) is the
gravitational-wave acceleration vector. ρagw represents
a body-force density [16] and is given by
agw =
∂2
∂t2
h · (r− r0), (2)
with the gravitational-wave strain matrix h at angular
frequency ωgw = 2pifgw
h = h0 cos(kgwy − ωgwt)
 −1 0 00 0 0
0 0 1
 . (3)
The reference coordinate r0 can be chosen arbitrar-
ily, e.g., as the center of mass of the setup, which in-
cludes a large cuboid plate underneath the chiral ele-
ment shown in Fig. 1(a). h0 is the dimensionless strain
amplitude of the gravitational wave. The dispersion re-
lation is ωgw/kgw = c0, with the vacuum speed of light
c0 = 3 × 108 m/s. We approximate the wave num-
ber as kgw = 0, which is justified if the wavelength of
the gravitational wave, λgw = 2pi/kgw, is large com-
pared to the size of the setup shown in Fig. 1. For the
frequency ωgw/(2pi) = 10 kHz chosen below, we have
λgw = 30 km and this approximation is well justified.
The above equations are solved numerically by stan-
dard frequency-domain finite-element calculations using
the software package Comsol Multiphysics [17] and its
MUMPS solver. The geometrical parameters are given
in Fig. 1. For the material parameters, we choose an
isotropic (polycrystalline) version of diamond [18], with
a Youngs modulus of E = 1.13× 103 GPa, a loss tangent
of tan(δ) = 3 × 10−6, a Poissons ratio of ν = 0.2, and a
mass density of ρ = 3.510× 103 kg/m3. Diamond serves
as a benchmark in the sense that it exhibits the largest
transverse and longitudinal phonon phase velocities of all
known natural materials. In essence, the phonon phase
velocities combined with the geometrical parameters de-
termine the mechanical eigenfrequencies of the system.
The system in Fig. 1 reacts with a time-harmonic twist
angle ϕ(t) = ϕ0cos(ωgwt+φϕ) and a time-harmonic axial
strain zz(t) = 
0
zzcos(ωgwt + φ). An example response
function of the twist angle amplitude φ0 and the axial
strain amplitude 0zz versus frequency fgw = ωgw/(2pi) is
depicted in Fig. 2. Its vertical axis is normalized with re-
spect to the dimensionless gravitational-wave strain am-
plitude h0. The axial strain amplitude 
0
zz is dimension-
less, the twist angle amplitude ϕ0 is in units of radians.
On resonance, it reaches a maximum of ϕ0 > 10
5h0. For
FIG. 1. (a) Illustration of the designed chiral mechanical
element, leading to the resonant mechanical conversion of a
local gravitational-wave induced strain amplitude h0 into a
twist, hence into a rotation angle amplitude ϕ0 = Kh0 of the
flat mirror substrate on top. The mirror size is D. Further
geometrical parameters as well as the incident wave vector of
the gravitational wave kgw = (0, kgw, 0) at frequency fgw =
kgwc0/(2pi) are indicated. We choose D = 5 cm, r = 6.5 cm,
l = 1.5 cm, a = 3.0 cm, b = 5.0 cm, d = 1.3 cm, and α =
65◦. The shown structure is located on a large plate with
volume 65 cm × 65 cm × 26 cm. (b) Together with a second
parallel flat optical mirror (the fixed holder of which is not
depicted), the rotating mirror forms an unstable optical cavity
with length L = 1 mm. The other sides of the two mirrors
are anti-reflection coated. This optical cavity translates the
rotation angle ϕ0 into the deflection of an incident Gaussian
beam with 1/e2 intensity radius w = 5 mm by a deflection
angle 2Nϕ0. Here, N is the mean number of round trips of
light in the cavity. For clarity, the beam deflection effect is
largely exaggerated and the angles are not to scale.
a mirror mount with a size of D = 5 cm in Fig. 1, the
lowest eigenfrequency of the overall setup lies at around
10.4 kHz. It is clear that working close to a mechanical
eigenfrequency means that the bandwidth of the gravita-
tional wave detector becomes small. Below the resonance
frequency, the response increases ∝ f2gw ∝ ω2gw because
the body-force density ρ~agw is proportional to the second
temporal derivative of cos(ωgwt). To provide a broader
3overview of the behavior, the six lowest-frequency eigen-
modes of the system are shown in Fig. S1 [24].
FIG. 2. Calculated response (logarithmic scale) of the ax-
ial strain amplitude 0zz (dimensionless) and the rotation an-
gle amplitude ϕ0 (in units of radians) of the mirror shown in
Fig. 1(a) versus gravitational-wave frequency fgw. Both quan-
tities are normalized to the dimensionless gravitational-wave
strain amplitude h0. The resonant peak value of the rotation
angle is ϕ0 > 10
5h0, leading to, e.g., ϕ0 > Kh0 with K = 100
over a bandwidth of about 100 Hz. The inset exhibits the low-
est eigenmode of the system shown in Fig. 1. The false-color
scale corresponds to the modulus of the displacement vector
u. Further eigenmodes are shown in Fig. S1 [24].
The example shown in Fig. 2 can easily be scaled to
other sizes provided that all aspect ratios are fixed and
that the material parameters are fixed. For example,
when increasing (decreasing) all geometrical parameters
given in Fig. 1 by a factor of ten, the frequencies on the
horizontal axis of Fig. 2 need to be scaled down (up) by a
factor of ten, while the vertical axis remains unchanged.
Results for hybrid materials choices are shown in Fig. 3.
For example, when replacing the diamond mirror sub-
strate at the top by silica (SiO2), while keeping the dia-
mond bottom, unwanted deformations of the mirror be-
come much more prominent as the mirror can no longer
be approximately considered as a rigid body (c.f. Fig. S2
[24]). When going to the reverse hybrid structure of sil-
ica bottom and diamond top, the mirror rotates rigidly
but the twist eigenfrequency decreases. On the other
hand, hybrid architectures containing materials choices
other than diamond are more accessible experimentally
in terms of manufacturing and cost. Refer to Fig. S3 for
other material combinations [24].
Next, we estimate the gravitational-wave strain
sensitivity achievable with the calculated (frequency-
dependent) rotation angle amplitude
ϕ0 = Kh0, (4)
with the frequency dependent strain-to-twist conversion
factor, K = K(fgw). We consider an optical cavity of
length L composed of the rotating mirror and a second
fixed mirror of the same size D as shown in Fig. 1(b). The
two mirrors are flat and originally parallel, representing
an unstable optical resonator on the level of wave optics
[19]. A Gaussian laser beam with a 1/e2 intensity radius
w impinges under normal incidence and is reflected by
the mirrors 2N times, with the mean number of round
trips of light in the cavity, N . In geometrical optics and
for rotation angle ϕ(t), normal incidence of light leads
to a mean deflection angle of 2Nϕ(t) (as illustrated in
Fig. 1(b)). Normal incidence of light with a sufficiently
small error is important: To avoid that the beam walks
off the edge of the mirror, the incidence angle β of the
laser beam with respect to the mirror surface normal
must obey the condition 2LN |tan(β)| ≈ 2LN |β|  D.
For D = 5 cm, L = 1 mm, and N = 2× 104 (see below),
this condition leads to |β|  1.3× 10−3 (i.e.,  0.07 de-
grees), which appears feasible. The parallelism of the two
flat mirrors must be aligned with a comparable precision.
To achieve a large mean deflection angle 2Nϕ0, large
integers N are clearly desirable. However, the product
NL is bounded by the fact that the dwell time of light be-
tween the two mirrors must not be larger than half of the
gravitational wave temporal period Tgw/2 = 1/(2fgw).
Otherwise, the sign of the gravitational strain flips during
the accumulation and the accumulated angle decreases
again. This condition leads to the dwell-time inequality
NL ≤ c0
2fgw
=
λgw
2
. (5)
For example, for fgw = 10 kHz, we obtain NL ≤ 15 km.
With, e.g., N = 2× 104 this leads to L ≤ 75 cm.
An independent bound for the product NL arises from
the fact that an incident Gaussian beam focused to an
1/e2 intensity radius w at free-space optical wavelength λ
unavoidably diverges by diffraction of light when propa-
gating over distance y = NL. However, this divergence is
negligibly small provided that NL is much smaller than
the Rayleigh range yR [19], i.e.,
NL yR = piw
2
λ
. (6)
For example, for w = 5 mm and λ = 1.064µm, we
get yR = 73.8 m. With N = 2 × 104, this leads to
L  3.7 mm. Clearly, for these parameters, this bound
on L is more than two orders of magnitude more strin-
gent than the above dwell-time bound. For our choice
of L = 1 mm and fgw = 10 kHz, the dwell-time in-
equality is fulfilled as long as N  1.5 × 107. This
means that the deflection angle 2Nϕ(t) well approxi-
mates the instantaneous gravitational wave strain for
N = 2× 104  1.5× 107.
Achieving a value of N = 2 × 104 requires sufficiently
high optical mirror reflectivity by using high-quality di-
4electric Bragg stacks. It also requires that the mirror
size D is sufficiently large compared to the 1/e2 inten-
sity Gaussian beam radius w = 5 mm to avoid cut-off
losses. For example, for D = 10w = 5 cm, the Gaussian
intensity profile on the edge of the mirror decreases to
1/e10 ≈ 4.5× 10−5 of the center value (cf. Fig. 1(b)).
FIG. 3. Calculations as in Fig. 2, but for hybrid silica-
diamond architectures rather than the monolithic diamond
architecture in Fig. 2. Left: silica bottom, diamond mirror
substrate. Right: diamond bottom, silica mirror substrate.
Results for other material combinations are shown in Fig. S3
[24].
To measure the angular deflection, the emerging Gaus-
sian laser beam could be focused [20] by a lens of focal
length F to a Gaussian spot of 1/e2 intensity focus radius
w =
λF
piw
. (7)
This focus radius is connected to the standard deviation,
s, of the focus position via s = w′/
√
2. The localization
error σ of the focus position (or standard deviation of the
mean value) for the rate of photons emerging from the
cavity, R, is given by
σ =
s√
R
. (8)
We assume that we operate on a Fabry-Perot resonance,
where the optical transmittance is unity and R equals the
rate of photons of the incident laser. Finally, the focus
displacement, d, due to the mean deflection angle 2Nϕ0
is given by d = F2Nϕ0. The minimum detectable grav-
itational strain amplitude h0 corresponds to d = σ. In-
sertion of the above equations leads to the gravitational-
wave strain sensitivity
h0 =
ϕ0
K
=
1
2pi
√
2
1
K
λ
Nw
1√
R
. (9)
Here, the focal length F has dropped out, which means
that one can choose an experimentally convenient focal
length for the displacement measurement.
The estimate (9) contains two aspects that are con-
ceptually different from mechanical off-resonant hence
broadband interferometric gravitational-wave detection.
First, the factor 1/K stems from the resonant me-
chanical strain-to-twist enhancement discussed in Fig. 2.
This mechanism enhances the gravitational-wave in-
duced strain, environmental noise, and thermal fluc-
tuations alike. Thermal fluctuation can be estimated
from Eq. (16) in [21]. For example, for the parameters
given in Fig. 1, we have the mechanical quality factor
1/tan(δ) ≈ 3.3× 105, the axial stiffness 3.33× 1010 N/m,
the mass 2.4 kg, the height a+b = 8 cm and the eigenfre-
quency 10.4 kHz, leading to a strain of ≈ 10−21/√Hz at a
temperature of 40 mK. Other sources of thermodynamic
noise [22] are subdominant. The device needs to be suit-
ably decoupled from environmental noise. Furthermore,
reducing technical noise on the angle of the incident laser
beam is critical. Second, the factor λ/(Nw) can be seen
as a lever-arm effect of the optical cavity resulting from
the angle detection scheme. For the parameters consid-
ered above, the accessible number of round trips in the
cavity N is essentially limited by diffraction of light. In
the regime where the maximum N is rather determined
by the dwell-time bound (5), the strain sensitivity of our
setup scales ∝ 1/(Nw), whereas that of a linear inter-
ferometer scales ∝ 1/(NL), and thus our setup could
potentially lead to a sensitivity gain ∝ L/w.
As a conservative example, the parameters λ =
1.064µm, N = 2 × 104, w = 5 mm, K = 100 (compare
Fig. 2 with peak enhancement > 105), and R = 1020 s−1,
hence P = R~c02pi/λ = 18.6 W optical power, lead to
the gravitational-wave strain-sensitivity estimate of
h0 = 1.2× 10−21/
√
Hz (10)
at around 10 kHz frequency. From above, we additionally
have L = 1 mm and D = 10w = 5 cm (cf. Fig. 1). To
scale our detector to ten times higher (lower) frequencies,
the geometrical parameters shown in Fig. 1 and the beam
radius w can be decreased (increased) tenfold, while ad-
justing the product NL ∝ w2 according to (6). In this
case, for fixedN , the strain sensitivity scales proportional
to frequency. Towards lower frequencies, the sensitivity
could alternatively be improved by fixing w and increas-
ing N .
In conclusion, we have proposed a novel compact ap-
proach for detecting gravitational waves at frequencies
in the range of 1 – 100 kHz. A resonant chiral me-
chanical element converts a gravitational-wave strain into
the rotation of one flat end mirror of a short unstable
optical Fabry-Perot cavity. The unstable optical cav-
ity enhances the deflection angle by multiple bounces
of light within. Important parameters include the laser
5FIG. 4. Six lowest-frequency eigenmodes of the system shown
in Fig. 1. The lowest mechanical eigenmode of the overall
setup corresponds to the torsional eigenmode. The eigenfre-
quencies are (a) 10.40 kHz, (b) 11.29 kHz, (c) 12.25 kHz, (d)
16.10 kHz, (e) 29.86 kHz and (f) 32.45 kHz.
power P , the mean number of round trips in the cav-
ity N , and the mechanical enhancement factor K. For
P = 18.6 W laser power at λ = 1.064µm wavelength,
w = 5 mm beam radius, N = 2 × 104, and K = 100,
we have estimated a gravitational-wave strain sensitivity
of better than h0 = 1.2× 10−21/
√
Hz in a bandwidth of
about 100 Hz at around 10 kHz frequency. Using some-
what more optimistic parameters of, e.g., P = 100 W,
N = 4 × 104, and K = 1000, the theoretical sensitiv-
ity estimate improves to h0 = 2.6 × 10−23/
√
Hz. Using
a smaller laser wavelength λ would further improve the
behavior. For comparison, LIGO has achieved experi-
mentally a squeezed-states-of-light enhanced sensitivity
of about h0 = 4.5 × 10−23/
√
Hz at around 10 kHz fre-
quency [23].
SUPPLEMENTAL MATERIALS
Eigenmodes of the chiral mechanical system
See figure 5.
Calculated response of the chiral mechanical system
for other material combinations
See figure 6.
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